ABSTRACT: Introduction: The muscle ultrasound examination (MUS) is a noninvasive and inexpensive technique for evaluating neuromyopathies. Standardized MUS normative data are incomplete in pediatric subjects. Methods: We performed a MUS study with 120 healthy children (59 males; mean age, 10.44 years; age range, 2-16 years). We measured the width and the echogenicity bilaterally in the following muscles: biceps brachii and brachialis, brachioradialis, forearm-flexors, rectus femoris and vastus intermedius, tibialis anterior, extensor hallucis longus, lateral and medial gastrocnemius. Results: The muscle thickness increased with age for all muscles. Confidence limits were set for each age group muscle width. Echogenicity increased with age only in some muscles. Discussions: Our MUS study provides new data on physiological muscle structural changes in healthy children to address the limited available references in this age group. 58: 245-250, 2018 Muscle ultrasound (MUS) is an effective technique for the evaluation of pediatric neuromyopathies and allows for noninvasive muscular examination.
However, data on morphological and structural changes during the neuromuscular development in healthy children are limited. 3, 4 There are difficulties in the standardization of the methods, particularly for muscular echogenicity. 5 MUS emerges as a suitable technique for children because it is noninvasive, safe, and easily applicable. In neuromuscular diseases, typical MUS features show changes in muscle width and/or echogenicity due to modification in the intramuscular fibrous and fatty tissues. Several MUS abnormalities were described in an array of neuromuscular disorders both in adults and in children. 2, 4, 6 Over the decades, qualitative and quantitative MUS normative literature on this topic has focused on adults. 7 In parallel, age and development in children represent a diagnostic challenge not only because of the ongoing maturation process but also because of the poor compliance with extensive invasive examinations.
Previously published pediatric MUS normative studies were performed on a somewhat limited set of muscles. 4, 5 Moreover, the heterogeneity of published data, such as age and methodology, hampers proper comparisons among patients of the younger age. The major differences in measuring muscle echogenicity prevent accurate comparisons of data between different centers.
1 Therefore, the aim of this study is to provide comprehensive pediatric MUS normative data for muscle width, where the methodology used is less critical. Echo-intensity was evaluated in parallel to compare the age variations. The age-dependent normative data obtained here can be a valuable tool for the diagnostic approach and follow-up.
MATERIALS AND METHODS
Study Design and Setting. We used a standardized and extensive MUS protocol to bilaterally evaluate the width of proximal, intermediate and distal segments of the upper and lower limb muscles in children aged between 2 and 16 years.
Selection of Study Participants and Recruitment. In this study, 120 healthy volunteers (59 males) aged 2-16 years were enrolled between 2011 and 2013. Three dropped out due to lack of compliance. Recruitment of participants was consistent with the standards of the Committee on Human Experimentation of the institution and the Helsinki Declaration of 1975. Inclusion criteria were as follows: a healthy status, negative history for neurological diseases, and engagement in an ongoing, noncompetitive and nonagonistic sport activity (fencing). A group of included children aged 2 to 6 years were younger relatives of other participants enrolled in a local school. Exclusion criteria were as follows: history of surgery of the upper or lower limbs, fractures of, or casts on, the limbs, orthopedic diseases, hereditary or nonhereditary neuromuscular diseases, diabetes, and engagement in a competitive (agonistic) sport activity. Appropriate written consent was obtained by each participant's legal guardian (or the subject himself if older than 12 years old). Discomfort with participation was kept to a minimum. The study was approved by the local ethics committee.
Data Collection. Image acquisitions were performed using a Duplex scanner (MyLabVinco US system, Esaote S.p.A., Firenze, Italy) equipped with a linear array probe with an operating bandwidth of 7.5-12 MHZ (Imaging Frequencies: 7.5-12.0 MHZ; Doppler Frequencies: 5.0-6.6 MHZ).
All system setting parameters were constant throughout the study. The pre-set used for the examinations had the During MUS examination, the applied pressure was kept to a minimum. We adjusted the depth to optimize imaging of the region of interest, according to the anatomical features of each participant. To avoid black cones and dark areas on the MUS image and to prevent excessive pressure on the examined area, a thick layer of gel ensured complete coupling between the transducer and the subject's skin.
The greyscale analysis used the standard histogram function of a commercially available GIMP graphics package (GNU Image Manipulation Program, ver. 2.8).
The muscles studied were the biceps brachii and brachialis (BB), brachioradialis (BR), forearm-flexors (FF), rectus femoris (RF), and vastus intermedius (VI), tibialis anterior (TA), extensor hallucis longus (EHL), gastrocnemius lateral (GL), and gastrocnemius medial (GM).
The initials and the date of birth comprised the code for each participant. We reported age, sex, menarche, hand dominance, height, weight, and body mass index (BMI). Supplementary Table S1 , which is available online, illustrates the details for measurements. We recorded bilaterally (i) in the supine position: the calf circumference, the distance between the fibular head and the lateral malleolus, thigh circumference, the distance between the iliac crest and the kneecap superior margin, forearm circumference, the distance between the antecubital fold and the distal radial epiphysis, arm circumference and the distance between the acromion and the antecubital fold; (ii) in the prone position: the distance between the popliteal fossa and the heel bone (calcaneus). We marked anatomical landmarks as a guide to use the echographic ultrasound probe. Specifically, we identified the TA at the proximal quarter distance between the fibular head and the lateral malleolus, the EHL at the half-distance between the fibular head and the lateral malleolus, the RF and VI at the half-distance between the iliac crest and the superior kneecap margin, the FF and BR at the proximal twofifths distance between the antecubital fold and the distal radio epiphysis, the BB at the half-distance between the acromion and the antecubital fold, and the GM and GL at the proximal quarter-distance between the popliteal fossa and the Achilles tendon.
Examination protocols for each participant were performed by the same neurophysiologist and technician. Each subject was examined (i) lying supine with extended upper limbs and supinated hands in a relaxed position and (ii) prone with extended lower limbs and plantar flexed feet.
At each test point, we used abundant echographic gel between the probe and the skin. The probe was kept orthogonal to the skin, and the operator applied the least possible pressure to ensure correct position and muscle relaxation from the patient. At each point, we examined 2 transversal scan positions to evaluate the muscle width and echogenicity; a longitudinal scan was used to visualize the disposition of muscle fibers (pennation angle). 8 For each test point, we evaluated the muscle width (millimeters) and the distribution of ultrasound greyscale in each muscle off-line. In each test and in transverse sections, we manually selected the boundaries of the examined muscle and eliminated the perimysial fascia. 9 For muscle echogenicity with the image software GNU Image Manipulation Program (GIMP), we obtained the histogram of the grey distribution in the selected area. We evaluated the median echogenicity for further analysis.
Intra-operator and inter-operator variability were evaluated in 20 subjects. Repeated measurements for both muscle width and echogenicity were performed in 6 muscles by 2 operators, with no difference in inter-and intra-operator agreements in the Bland-Altman test.
Statistical Analysis. Statistical software used included Graphpad Prism (Graphpad Software, La Jolla, CA) and Wizard for MAC (Evan Miller V C 2013-2015). The muscle width values showed a normal distribution, while grey values showed a Log-normal distribution. Therefore, width was evaluated as the mean and SD values, while the greyscale was evaluated as median values. The confidence limits were set at the 5th and 95th percentiles. The Pearson R-test correlated the results with age, height, weight and BMI. The t-test or analysis of variance (ANOVA) test evaluated the difference between sides, sex, hand dominance, and menarche. We also used a multiparameter regression to correlate the regression of muscle width and echogenicity to multiple variables (age, height, weight, and BMI). Statistical significance was set at P < 0.05.
RESULTS
Of 120 subjects included in the study, muscle width was evaluated in 117 (59 males) and echogenicity in 93 (48 M). The drop-outs were due to a poor compliance or refusal to continue the examination. The age dependency of the results is shown in Figures  1 and 2 . For all muscles, width increased significantly with age (P < 0.001). A multi-parameter logistic regression analysis showed that age was the simplest variable influencing muscle width, although there was colinearity with height, weight, and BMI. Thus, we established different reference confidence limits for each muscle, both graphically ( Figs. 1 and 2 ) and for age groups (Supplementary Table S2 ). A 4-year-old subject is compared with a 12-year-old subject in Supplementary Fig. 3 (BB) and Supplementary Fig. S4 (RF). There were no prominent differences by sex, or sex by age, in t-test and ANOVA tests. In muscles VI and BR, the right side had predominating width (VI, P 5 0.003; BR, P 5 0.001)
The muscle echogenicity is reported as the median and the median confidence limits of the different age groups according to the logarithmic distribution (Supplementary Table S3 ). The median echogenicity showed a significant increment with age in some muscles, including the TA, BB, and BR, but not in other muscles. In a multi-parametric logistic regression analysis, no relation was observed between muscle echogenicity, gender, BMI, and muscle width.
DISCUSSION
The data in our study included a large number of healthy pediatric subjects and bilateral evaluation of 18 muscles. Previous data in healthy children are less extensive for the age range and number of muscles studied.
3,4,10 For instance, some studies did not include healthy pediatric control patients.
11,12 Scholten et al. studied 59 subjects aged between 2 to 12 years and evaluated echogenicity, muscle and subcutaneous width in 4 muscles: left BB, left TA, right FF, and the right quadriceps. 10 In their results, age, sex, and height did not influence muscle width, whereas results were dependent on weight until 16 years. Echointensity was not age-dependent. The methods included a standardized patient, probe positioning and fixed landmarks for muscle identification. The results for the 4 muscles investigated were consistent with the findings of this study, with similar results for width in the age range reported. Maurits et al. studied a large group consisting of 105 normal subjects of younger ages (3-8 years) . Width and echogenicity were normally distributed. Controls showed correlation between age, height, weight, and BMI with muscle width. 4 Overall, their findings were consistent with those obtained in the present study for the 2 muscles reported (BB and RF).
In another study, Jacobs et al. studied longitudinal variation of muscles using MUS in pediatric subjects. They observed an increase in muscle width with age, which was in clear agreement with the use of age-related normal parameters. 13 Considering all previous studies, there are gaps in the evaluation of normality in pediatric subjects regarding MUS. The studies neither assessed the age dependency of pediatric MUS values in a large age range nor calculated the results from a sufficiently large group of subjects both in proximal and distal upper and lower limbs bilaterally. All available studies excluded GM, GL, and other important muscle sites of pathology, and most examinations were monolateral.
Our study clearly correlated muscle width with age in a large set of muscles, whereas echogenicity correlated with age only in TA, BB, and BR muscles to a smaller extent. Age, weight and height were also correlated with muscle width, which was demonstrated in all studies; however, in a multi-parameter regression, age was the simplest dominating factor considering the age variation, as demonstrated graphically in our results. Based on the findings of this study, we presented the normative data for homogenous groups of subjects of similar age, thus enabling a simpler comparison with patients of corresponding age. When using our normative data, we explored singular neuromuscular cases, such as hereditary polyneuropathy, spinal muscular atrophy or equinus foot evaluation. We observed variations in muscle width, proximal to the distal gradient of alterations and focal changes. Therefore, we believe that our width measurements and local age-dependent values for echogenicity can be applied in muscles as age-related changes of normal reference values, although these results need further generalization and standardization.
Scholten et al. has presented laboratory difficulties in the evaluation and transferability of muscle echogenicity. 10 The need for better quantification has recently led to the emergence of new MUS methods as more advanced methods. 1, 14 This may also be complicated in pediatric patients due to failure to appreciate the age variations of results in normal children and pediatric patients. Muscle echogenicity changes were globally minor and detectable only in a few muscles, with variations considered to be only minor in relation to changes observed in diseases. There are difficulties in generalizing echogenicity measures for comparisons between groups, as Bmode algorithms such as Mview and Vview are commonly used and may add distortion to the results between groups. On the other hand, our measures of reliability do not show inter-operator or intraoperator discrepancies regarding the measurements.
Overall, MUS has proven to be useful in many heterogeneous neurological diseases. [15] [16] [17] Globally, our results facilitate the comparison of muscle width in a large pediatric age for many muscles. Although additional efforts are needed to standardize muscle echogenicity in relation to pathology, MUS remains the technique of choice to evaluate neuromuscular pathology in this age group.
